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Abstract
Streaking of photoelectrons with optical lasers has been widely used for temporal character-
ization of attosecond extreme ultraviolet pulses. Recently, this technique has been adapted to
characterize femtosecond x-ray pulses in free-electron lasers with the streaking imprinted by far-
infrared and Terahertz (THz) pulses. Here, we report successful implementation of THz streaking
for time-stamping of an ultrashort relativistic electron beam of which the energy is several orders
of magnitude higher than photoelectrons. Such ability is especially important for MeV ultrafast
electron diffraction (UED) applications where electron beams with a few femtosecond pulse width
may be obtained with longitudinal compression while the arrival time may fluctuate at a much
larger time scale. Using this laser-driven THz streaking technique, the arrival time of an ultrashort
electron beam with 6 fs (rms) pulse width has been determined with 1.5 fs (rms) accuracy. Fur-
thermore, we have proposed and demonstrated a non-invasive method for correction of the timing
jitter with femtosecond accuracy through measurement of the compressed beam energy, which may
allow one to advance UED towards sub-10 fs frontier far beyond the ∼100 fs (rms) jitter.
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I. INTRODUCTION
Ultrafast phenomena are typically studied with a pump-probe technique in which the
dynamics are initiated by a pump laser and then probed by a delayed pulse [1]. Because
of the A˚ngstrom-scale wavelength, both electrons and x-rays have been used as the probe
pulses for watching atoms in motion during structural changes [2–4]. With the advent of
ultrashort lasers, the temporal resolution in such experiments depends primarily on the pulse
width and arrival time jitter of the probe pulse. Currently the brightest hard x-ray pulse
is provided by free-electron lasers (FELs [5–7]) and with tremendous efforts devoted it is
now possible to produce sub-femtosecond x-ray pulse [8, 9] with its arrival time determined
with femtosecond precision [10–13]. In contrast, for electron probes as in ultrafast electron
diffraction (UED [14, 15]), the long standing goal to deliver few femtosecond high-brightness
electron beam with well-characterized arrival time still remains quite challenging.
In UED the shortest electron pulse width is mainly limited by Coulomb repulsion [16].
In the past two decades, many methods have been developed to mitigate this effect, e.g.
reducing the beam propagation length [2, 17], reducing the number of electrons per pulse [18–
20], increasing the electron beam energy [21–28], and compressing the beam with an radio-
frequency (rf) buncher [29, 30]. Among all these approaches, bunch compression provided
the most significant advance that enabled a new class of experiments [31, 32]. In this method,
the elongated electron beam is first sent through an rf buncher cavity where the bunch head
is decelerated to lower energy while the bunch tail is accelerated to higher energy; after
passing through a drift, the bunch tail with higher energy will catch up with the bunch
head, leading to longitudinally compressed isolated bunch. When the rf buncher cavity is
replaced by a laser, the energy modulation at optical wavelength may lead to formation of
attosecond electron bunch trains that can also be applied to a certain type of experiments
[33, 34].
While the rf buncher technique has been widely used in UED community and very recently
a relativistic electron beam as short as 7 fs (rms) has been produced [30], it is also realized
that the space charge force induced pulse broadening was solved at the cost of increasing
timing jitter. This is because the phase jitter in the rf cavity leads to beam energy jitter
which is further converted into timing jitter at the sample [19, 35]. Similar jitter sources
exist for FELs as well [10–13]. Such timing jitter, if not measured and corrected, will limit
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the temporal resolution in pump-probe applications to a similar level. Unfortunately, time-
stamping techniques developed for high-charge GeV and low-energy keV electron beams can
not be easily implemented for MeV UED beams. For instance, the arrival time of a GeV
beam has been measured with electro-optic sampling (EOS) technique [10, 36], but it is
difficult to reach high temporal resolution when applying this technique to a MeV UED
facility where the beam charge is relatively low. Time stamping of keV electron beams with
a laser triggered streak camera has been used to correct timing jitter, but the accuracy is
on the order of tens of femtoseconds [37]. Very recently, it has been shown that a buncher
cavity powered by a laser-driven THz pulse may allow one to compress a keV beam without
introducing such jitter [38]. However, it requires very intense THz source in order to apply
this scheme to MeV electron beam. It has been demonstrated recently that a MeV electron
beam can also interact with a THz pulse effectively through the inverse FEL mechanism
for beam acceleration and manipulation, but this scheme requires a dedicated undulator
and careful matching of the phase and group velocity of the THz pulse with the electron
beam [39]. It should also be noted that few femtosecond relativistic electron beam with
intrinsically small timing jitter has also been produced in a laser wakefield accelerator where
the accelerating gradient is several orders of magnitude higher than that achieved in rf guns,
but the beam quality and stability still need significant improvements in order to apply the
beam for UED applications [40].
Here, we demonstrate a laser-driven THz streaking technique with which the arrival time
of a 6 fs (rms) ultrashort electron beam was determined with 1.5 fs (rms) accuracy. With
the newly developed rf deflector that provides about 2.5 fs (rms) temporal resolution, the rf
buncher cavity is optimized to compress the relativistic electron beam from about 200 fs to
well below 10 fs. With a narrow slit to both enhance the local THz field strength and reduce
the electron beam intrinsic angular fluctuation, accurate measurement of the relativistic
electron beam arrival time is achieved with a THz pulse with moderate field strength (∼100
kV/cm). Because the THz pulse used for time-stamping is tightly synchronized with the
laser, the measured timing information can be directly used for machine optimizations and
for correcting timing jitter in laser-pump electron-probe applications. Furthermore, a non-
invasive method for correcting the timing jitter of a compressed beam through measurement
of the compressed beam energy has been proposed and demonstrated. This non-invasive
time-stamping method is easy to implement and can be applied to both keV and MeV UED
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to significantly improve the temporal resolution to potentially sub-10 fs regime.
II. THZ STREAKING DEFLECTOGRAM
The set-up for THz streaking of a few-femtosecond relativistic electron beam is shown in
Fig. 1. A ∼50 fs (FWHM) Ti:sapphire laser at 800 nm is first split into two pulses with a
50%-50% beam splitter (BS1). One pulse is frequency tripled to produce electron beam in
a 1.5 cell S-band (2856 MHz) photocathode rf gun. The other pulse is further split into two
parts with a 10%-90% beam splitter (BS2) with the main pulse (∼2 mJ) used to produce
THz radiation through optical rectification in LiNbO3 crystal [41] and the remaining part for
in situ characterization of the THz pulse at the interaction region through EOS technique.
The ∼ 3.4 MeV electron beam is compressed by a C-band (5712 MHz) rf buncher cavity
and the electron beam arrival time is measured with THz streaking in a narrow slit. In this
experiment, both the THz and electron beam are running at 50 Hz. The electron beam
charge is measured to be about 30 fC with a Faraday cup.
The laser-driven THz streaking measurement combines the standard streak camera tech-
nique with the concept of laser streaking from attosecond metrology (see, e.g. [42, 43]).
In this experiment, a 250 µm × 10 µm slit perforated on a 50 µm thick Al foil with laser
machining is illuminated with a THz pulse with 30 degrees angle of incidence (Fig. 2). The
electron beam gets a time-dependent angular kick from the THz pulse when it passes through
the slit. For electrons that impinge the foil, due to multiple scattering, most of them are lost
because their angles are larger than the acceptance of the vacuum pipe and a small fraction
may arrive at the detector, forming a relatively uniform background. The measurement also
resembles the streaking technique used to measure x-ray pulse width and timing jitter in
FELs [8, 11, 44], except that here the electron beam angular distribution rather than energy
distribution is changed by interaction with the THz pulse and the electron beam energy
is several orders of magnitude higher than that of the photoelectrons. Very recently, such
scheme has also been applied to keV energy electrons for characterizing the electron pulse
width and arrival time [38].
The THz pulse is produced with a ∼2 mJ 800 nm femtosecond laser through optical
rectification in LiNbO3 crystal with the tilted-pulse-front-pumping scheme [41] where the
pulse front of the laser is first tilted with a diffraction grating and then imaged onto the
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LiNbO3 with two cylindrical lenses (CL1 and CL2 in Fig. 1) for matching the laser phase
velocity with the THz group velocity. The THz energy is measured to be about 0.5 µJ with a
calibrated Golay cell detector. With a THz camera (IRXCAM-THz-384) the THz divergence
at the exit of the crystal was quantified through measurement of the THz transverse size at
various positions along the propagation direction. Then a focusing system that consists of 3
off-axis parabolic mirrors are used to guide and focus the THz to the slit. The THz transverse
size at the slit is measured to be about 0.5 mm (rms). The THz waveform measured by
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FIG. 1: THz-streaking of a relativistic electron beam experiment setup. The electron beam is
produced in a photocathode rf gun by illuminating the cathode with a UV laser and longitudinally
compressed with an rf buncher by imprinting a negative energy chirp (i.e. with the bunch head
having lower energy than the bunch tail) in the beam phase space. A set of off-axis parabolic
(OAP) mirrors allows tight focus of the THz pulse onto the slit. The electron beam experiences
transverse Lorenz force when passing through the slit and the THz-induced angular deflection
is converted into spatial shift at the screen P1 after a drift of 1.8 m. In general, the electron
beam is streaked in vertical direction with its time information mapped into spatial distribution on
screen P1. Alternatively, the streaked electron beam may be sent through an energy spectrometer
for measuring the longitudinal phase space at screen P2. The slit for streaking, Zinc Telluride
(ZnTe) crystal for EOS, and a transmission electron microscope (TEM) grid for synchronization,
are mounted on a remote-controlled manipulator.
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EOS [45] is shown in Fig. 3a with its corresponding spectrum shown in Fig. 3b. The THz
field strength is calculated using the known thickness and electro-optic coefficients of ZnTe.
It should be pointed out that due to crystal defects and imperfect crystal orientation, the
calculated peak value of about 90 kV/cm should be considered as the lower limit of the THz
field strength. Alternatively, the upper limit of the THz peak electric field is estimated to
be about 170 kV/cm using the measured THz energy, transverse beam size and waveform.
When this single-cycle THz pulse is focused onto the narrow slit with its polarization
pointing along the slit’s short axis, near-field enhancement occurs in the slit that increases
the streaking strength (see, e.g. [46]). The simulated field (using CST Microwave Studio)
in the center of the slit is shown in Fig. 3c where one can see that due to transmission
resonance, the field strength is increased by about a factor of 4 and the single-cycle THz
pulse becomes multi-cycle resonating at the wavelength of approximately twice the length
of the long axis of the slit, i.e. the cut off wavelength of a 250 µm × 10 µm rectangular
waveguide.
This enhancement also limits the effective THz-electron interaction within the region of
the slit. The simulated electron beam centroid deflection for various time delay is found
with the integral of the Lorentz force along the THz-electron interaction region, as shown in
Fig. 4a. Because the effective interaction region is much smaller than the wavelength of the
oscillation field, the deflection (Fig. 4a) just closely follows the electric field (Fig. 3c) which
dominates over the magnetic field in our interaction configuration.
Effective interaction between the THz pulse and electron beam is achieved when electron
FIG. 2: Schematic of the THz-electron interaction at the narrow slit.
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and THz beam overlap both spatially and temporally in the slit. This is done with the help of
the 800 nm laser used for EOS. First, the ZnTe crystal is put in the center of the interaction
chamber and the EOS signal is maximized when the 800 nm laser is well overlapped with the
THz pulse both in space and time. Then the ZnTe crystal is removed from the beam path
and a TEM grid is inserted. The BS2 is replaced with a mirror so that the energy of 800
nm laser is sufficient to produce transient plasmas around the interaction point on the TEM
grid. The time of the laser and THz pulse is varied with a delay stage until considerable
perturbation to the electron beam transverse profile from the transient electromagnetic field
associated with the transient plasma is observed (see, e.g. [47–49]). Note, the delay stage
does not change the relative timing between the laser and THz pulse and with this technique
temporal overlap between the electron beam and the THz pulse is achieved. The TEM grid
is then removed from the beam path and the narrow slit is inserted. The position of the
slit is varied until the 800 nm laser passes through the slit. Finally the electron beam is
steered to pass through the narrow slit and both spatial and temporal overlap between the
THz pulse and electron beam is then achieved. After this procedure, the delay between the
(b) (a) 
(c) 
FIG. 3: Measured THz waveform (a) at the streaking interaction position with EOS, the corre-
sponding THz spectrum (b) and the simulated THz electric field and magnetic field in the center
of the slit (c).
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electron beam and THz beam is varied and the measured streaking deflectogram is shown
in Fig. 4b, which is in good agreement with the simulation result. It should be pointed out
that the simulated deflection angle is slightly smaller than the experimental result, which
is probably due to the fact that in the simulation the lower limit (90 kV/cm) of the peak
electric field is used.
This time-dependent angular streaking allows one to map the electron beam time infor-
mation into spatial distribution on a downstream screen. Similar to THz streaking in FELs,
the electron beam should overlap with the THz pulse near the zero-crossing of the deflec-
togram (i.e. the rate of angular change is approximately linear) for measurement of beam
timing jitter and the dynamic range of the measurement is limited to half of the wavelength
FIG. 4: Simulated beam centroid deflection as a function of time delay between the electron beam
and THz pulse (a) and the measured streaking deflectogram as a function of time delay (in 67
fs steps) between the electron beam and THz pulse. The measured beam centroid deflection at
each time delay is shown with white points. In the measurement a collimator (3 mm upstream of
the slit) is used to reduce the beam size to about 20 micron (full width) at the slit such that the
electron beam feels uniform streaking force and each time slice is integrated over 50 single-shot
measurements.
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of the streaking. The maximal streaking ramp (around t=4 ps region in Fig. 4b) is found
to be 5.1 µrad/fs. The accuracy of the arrival time measurement is mainly affected by the
fluctuation of the centroid divergence of the electron beam, resulting in temporal offset in
the measurement. Benefiting from the narrow slit, the shot to shot fluctuation of the beam
centroid divergence is found to be about 7.6 µrad, corresponding to an uncertainty of 1.5 fs
in beam arrival time determination. It should be mentioned that in principle one may rotate
the slit and THz polarization by 90 degrees to imprint energy modulation in the electron
beam and determine the beam arrival time by monitoring the energy change of the electron
beam imprinted by the THz pulse, similar to that used in [39]. However, the accuracy will
be much lower because one can’t benefit from the narrow slit (the slit does not reduce the
beam energy fluctuation) and the buncher cavity increases the beam energy fluctuation (the
buncher cavity does not increase the beam centroid divergence fluctuation).
III. TIME-STAMPING OF AN ULTRASHORT RELATIVISTIC ELECTRON
BEAM
It is worth mentioning that the electron beam temporal profile can also be retrieved from
the broadening of the streaked beam angular distribution. However, with the beam intrinsic
divergence being approximately 50 µrad, the temporal resolution in beam temporal profile
measurement is estimated to be about 10 fs (rms), limited by the strength of the streaking
field. Because the available c-band rf deflector can provide a much higher resolution, in our
experiment the electron beam temporal profile is measured with the rf deflector. The rf
deflector is an rf structure operating in TM11 mode which gives the beam a time-dependent
angular kick (i.e. y′ ∝ t) after passing through at zero-crossing phase. The beam angular
distribution is converted to spatial distribution after a drift section, and the vertical axis on
the phosphor screen (P1 and P2 in Fig. 1) becomes the time axis (y ∝ t).
Fig. 5a shows measurements of 30 fC electron beam temporal profile for various voltages
of the buncher cavity, corresponding to no compression (Vb = 0), under compression (Vb =
0.84 MV) and full compression (Vb = 1.0 MV). The corresponding beam longitudinal phase
space (Fig. 5b) was measured at screen P2 downstream of the energy spectrometer. In this
measurement, the electron beam is bent in horizontal direction in the energy spectrometer
such that the horizontal axis on the phosphor screen P2 becomes the energy axis (x ∝ E).
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Then the beam longitudinal phase space is mapped to the transverse distribution at screen
P2. The absolute time is calibrated by scanning the rf phase and recording the vertical
beam centroid motion on the screens (1 degree change in rf phase corresponds to about 0.5
ps change in time). The absolute energy is calibrated from the measured magnetic field of
the energy spectrometer and the dispersion at the phosphor screen.
As can be seen in Fig. 5b, initially the beam longitudinal phase space has positive chirp
(bunch head having higher energy than bunch tail) which is caused by space charge force
that accounts for bunch lengthening. As the buncher voltage is gradually increased (Vb =
0.84 MV), the energy chirp is reversed to negative, enabling bunch compression after a drift.
With the buncher voltage set to V = 1.0 MV, the bunch tail exactly catches up with the
bunch head, and the shortest bunch length was achieved. Under full compression condition,
100 consecutive measurements of the raw beam profile (with vertical axis converted into
time) with rf deflector off and on are shown in Fig. 5c, where one can see that the beam
(b) (a) (c) 
FIG. 5: Longitudinal compression of a relativistic electron beam to sub-10 fs. (a) Electron beam
temporal profile for various buncher voltages measured with the rf deflector. (b) Corresponding
beam longitudinal phase space (bunch head to the left). (c) 100 consecutive measurements of the
beam profile with rf deflector off (the first 10 shots) and on (the rest 90 shots). The average beam
profiles with the deflector off (black line) and on (white line) are also shown. The number of
electrons in the bunch is about 2× 105.
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has been stably compressed to about 6 fs (rms). In this measurement, the voltage of the
rf deflector is about 1.8 MV and a 20 microns narrow slit is used to improve the temporal
resolution of the beam temporal profile measurement to about 2.5 fs (rms), as limited by
the intrinsic beam size with the rf deflector off. Because both the beam intrinsic divergence
and high order effects in the rf deflector contribute to the measured vertical beam size with
the deflector on [30], the estimated value of 6 fs (rms) should be considered as the upper
limit of the bunch length.
Though the bunch length is compressed to a few fs, the timing jitter is likely to be at a
much larger time scale. In this particular measurement, we ignore variations in the beam
temporal profile and the arrival time of the electron beam under full compression condition
is determined by recording the fluctuations of the beam centroid with THz streaking. 100
consecutive measurement of beam arrival time with THz streaking is shown in Fig. 6a
and the timing jitter at full compression collected over 500 shots is estimated to be about
140 fs (rms), as shown in Fig. 6b. Fortunately, such timing jitter can be corrected with
femtosecond precision (as shown in Fig. 6a the jitter for most of the shots can be corrected
with an accuracy better than 3 fs), which significantly improves the temporal resolution in
laser-pump electron-probe applications.
IV. REAL-TIME NONINVASIVE TIME-STAMPING
The current set-up with a 10 micron slit is best suited for machine optimizations, because
the narrow slit reduces the useful number of electrons in UED. While with a more intense
THz source, a wider slit may be used, the dynamic range (about 600 fs in this experiment)
may still hinder its applications to cases where the maximal arrival time difference is larger
than half the period of the streaking field. Motivated by the fact that the timing jitter
is primarily caused by energy variations after the buncher cavity, here we quantify their
correlation and demonstrate that the timing jitter related to bunch compression may be
corrected in a non-invasive way through measurement of the shot by shot beam energy
fluctuation. In a separate experiment, the phase of the rf buncher was varied and the
measured beam distribution on screen P2 is shown in Fig. 7a. In this measurement, the
electron beam is streaked vertically by the THz pulse and is bent horizontally by the energy
spectrometer. It should be noted that changing buncher phase is equivalent to scanning
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the delay time between the THz pulse and electron beam. This is the main reason that
the energy-deflection map in Fig. 7a is quite similar to the time-deflection map in Fig. 4b.
Combining the time information from Fig. 4b and energy information from Fig. 7a, the
correlation between the arrival time and centroid energy of the beam is shown in Fig. 7b
where one can see that the beam timing jitter ∆t is indeed linearly correlated with the
beam energy jitter ∆E/E, i.e. ∆t=R × ∆E/E with R determined to be -117 ps, in good
agreement with the momentum compaction of the drift [50], i.e. R56 = −L/cγ2 ≈ − 120 ps
with L ≈ 1.6 m being the distance from the buncher cavity to the THz slit and γ being the
Lorentz factor of the electron beam.
(a) 
(b) 
FIG. 6: Time-stamping of a relativistic electron beam with THz streaking. (a) 100 consecutive
measurement of beam arrival time with THz streaking using the single-valued streaking ramp
(white curve). Scales on the right correspond to the accuracy in beam arrival time determination
which depends on the relative time with respect to the zero-crossing of the streaking ramp. The
arrival time of the shots within ±300 fs is determined with an accuracy higher than half the bunch
length, i.e. 3 fs (rms). (b) Distribution of the electron beam arrival time collected over 500 shots.
A Gaussian fit (magenta line) to the distribution within ±300 fs yields a timing jitter of about 140
fs (rms) between the electron beam and THz pulse. The distribution with red color has uncertainty
larger than 3 fs and is not used in fitting.
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(a) 
(b) 
FIG. 7: Energy-time correlation map. (a) Correlation between electron beam energy and beam
angular distribution measured by scanning the phase of the rf buncher cavity (voltage set to
Vb = 0.5 MV for minimizing beam energy spread). (b) Beam arrival time vs beam energy after
converting the angular shift into time delay. To increase the accuracy, only the equivalent time
delay for each zero-crossing points (position indicated by dashed line) of the streaking ramp is
used. The data are linearly correlated and the coefficient is found to be in good agreement with
the momentum compaction of the drift from the rf buncher to the THz streaking position.
With the coefficient determined with THz streaking, the timing jitter may be corrected
in a non-invasive way (e.g. using the un-diffracted beam) and the dynamical range of
the jitter measurement is no longer limited by the wavelength of the THz pulse and thus
even picosecond jitter may be corrected with femtosecond precision. For this method, the
accuracy is limited by the uncertainty of beam energy at the entrance to the buncher cavity.
In our experiment, with the beam energy stability to be about 0.02% and the distance
between the cathode to the buncher being 0.8 m (corresponding to a momentum compaction
of about -60 ps), the accuracy is estimated to be about 12 fs. Note, for keV UED where the
beam energy stability at the entrance to the buncher cavity is orders of magnitude higher,
the accuracy of using beam energy jitter to correct timing jitter should be well below 10 fs.
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V. CONCLUSIONS AND OUTLOOK
In conclusion, we have experimentally demonstrated a novel method for time-stamping of
relativistic electron beams. A non-invasive, easy-to-implement method for correcting timing
jitter with high accuracy through measurement of the un-diffracted electron beam centroid
energy has also been proposed and demonstrated. Together with the available few-cycle
optical lasers for exciting the dynamics, the demonstrated technique should allow one to
advance UED towards sub-10 fs frontier. In the future, the rf buncher voltage may be
increased to produce sub-femtosecond beam. With stronger streaking field (note, LiNbO3
based THz pulse with electric field exceeding 1 MV/cm has been achieved [51]) the resolution
of the demonstrated method may also be extended to well beyond sub-femtosecond, mak-
ing attosecond electron diffraction metrologies capable of visualizing attosecond structural
dynamics within reach.
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